Major, trace, and rare earth element compositions of both tonalitet rondhjemite^granodiorite (TTG) and modern adakite-like magmas are typically used in conjunction with batch melting experiments and models to infer source rock composition, depth of melting and tectonic setting. However, batch melting does not capture the impact of melt segregation processes on magma geochemistry. We have used melting experiments in conjunction with numerical modelling to investigate the impact of melt segregation on TTG arc crust formation. Our melt segregation equilibrium (MSE) experiments are designed to reproduce the local changes in bulk composition that are predicted by the numerical model to occur as buoyant melt migrates upwards along grain boundaries and accumulates to form a magma that leaves the source region. The MSE experimental results show distinct differences in the melt and solid phase compositions and solid phase stability when compared with direct partial melting experiments. They yield a significant reduction in hornblende and plagioclase modal proportions at lower temperatures and partial melt compositions that are lower in An and have higher Mg-numbers. These results suggest that dynamic melt segregation and equilibrium processes may have a significant impact on modes, melt compositions and geochemical indicators such as Mg-numbers.
Major, trace, and rare earth element compositions of both tonalitet rondhjemite^granodiorite (TTG) and modern adakite-like magmas are typically used in conjunction with batch melting experiments and models to infer source rock composition, depth of melting and tectonic setting. However, batch melting does not capture the impact of melt segregation processes on magma geochemistry. We have used melting experiments in conjunction with numerical modelling to investigate the impact of melt segregation on TTG arc crust formation. Our melt segregation equilibrium (MSE) experiments are designed to reproduce the local changes in bulk composition that are predicted by the numerical model to occur as buoyant melt migrates upwards along grain boundaries and accumulates to form a magma that leaves the source region. The MSE experimental results show distinct differences in the melt and solid phase compositions and solid phase stability when compared with direct partial melting experiments. They yield a significant reduction in hornblende and plagioclase modal proportions at lower temperatures and partial melt compositions that are lower in An and have higher Mg-numbers. These results suggest that dynamic melt segregation and equilibrium processes may have a significant impact on modes, melt compositions and geochemical indicators such as Mg-numbers.
Mantle wedge interaction may not be necessary to generate varying Mg-numbers in TTG and adakite magmas. Moreover, the use of batch melting models or experiments to interpret these geochemical signatures may not be appropriate. KEY WORDS: TTG; experimental petrology; melt segregation; Mg-numbers 
I N T RO D UC T I O N
Determining the process by which continental crust forms is an important component in understanding the tectonic setting of our planet during the Archean and how it has changed with time. Tonalite^trondhjemite^granodiorite (TTG) magmas, the dominant arc rock suite produced in the Archean, form up to 60% of the continental crust and provide information on its origin and chemical evolution (Rudnick, 1995) . TTGs are characterized by Al 2 O 3 contents 415% at 70% SiO 2 , Sr4300 ppm,Y520 ppm, Yb51Á8 ppm, Nb 10 ppm and low-Mg amphibole (Barker, 1979; Drummond & Defant, 1990; . Adakites share these chemical characteristics but are more mafic (Drummond & Defant, 1990) . TTGs have an average Mg-number of 43 whereas adakites have an average Mgnumber of 51 (Rollinson, 2005) and are also distinguished from TTGs by their higher Ni, Cr and Sr contents (Rapp et al., 1991; Smithies, 2000) . Experimentally, both TTGs and adakites can be formed by partial melting of a mafic protolith, leaving a restite that is commonly composed of garnet, clinopyroxene and amphibole (Muir et al., 1995) . Because of these similarities, TTGs have been referred to as low-Mg adakites and the term TTG sometimes is applied to both magma types (e.g. Rapp et al., 1999; Martin et al., 2005) . Drummond & Defant (1990) proposed that adakites are the modern-day equivalents of TTGs and that both adakites and TTGs were produced by the same process of partial melting of down-going, subducted oceanic crust. If this view is adopted, then there must be a mechanism by which TTGs are modified to produce an increase in Mg-number, Ni, Cr and Sr. One suggestion is that TTGs and adakites are related by fractional crystallization (e.g. Kamber et al., 2002) . However, fractional crystallization produces intermediate products, such as andesite, which are not found with natural TTGs (Drummond & Defant, 1990; Drummond et al., 1996) . As noted by Smithies (2000) , the known volume of TTGs is far greater than that which could be produced from an adakite melt given the small amount of mafic restite in the crust. Although delamination might have removed some of this residuum (Rudnick, 1995) , it is improbable that it would have removed all of the mafic material required to exist to produce large volumes of TTGs . This is supported by the observation that most xenoliths from the lithospheric mantle do not have a composition similar to the inferred restite material (Davidson & Arculus, 2006) . Additionally, compositional data from direct partial melting experiments on amphibolites show similarities to TTGs and do not substantiate fractional crystallization as a process that generates TTG magma (Rapp et al., 1991) .
No one model has been universally accepted for TTG genesis, and there has been much discussion in the literature regarding the tectonic settings that produce TTG magmas and the relationship between TTGs and adakites. Martin & Moyen (2002) suggested that Archean TTGs have lower Mg-numbers than adakites and that Mgnumbers increase with time. They hypothesized that both TTGs and adakites originate as partial melts of subducted oceanic crust, with secular changes in melt composition reflecting changing tectonic setting. During the Archean, shallow dip^flat slab subduction resulted in limited mantle wedge interaction, yielding TTG magmas with lower Mg-numbers. The increase in Mg-number with time indicates a steepening of the slab dip angle, which forces the slab melt to interact more with the mantle wedge, yielding adakites with higher Mg-numbers. Smithies et al. (2003) also argued that shallow dip^flat slab subduction in the Archean yielded TTG magmas with lower Mg-numbers, although they suggested that the lowermost mafic crust was thickened and then partially melted without mantle wedge participation.
In contrast, in a summary of the extensive geochemical database on TTGs, observed no secular change in Mg-number, Sr, Ni and Cr. Based on these data, no argument can be made for a relationship between cooling of the Earth and TTG compositions, which suggests that there is no systematic change in tectonic setting through time. suggested that adakites probably originate as slab melts, whereas TTGs (particularly high-Al TTGs) may be products of partial melting of the lowermost arc crust or the root zones of oceanic plateaux.
In this study, we investigate whether TTGs, with some applications to modern adakites, can originate as partial melts of a mafic protolith in the lower crust. We suggest that elevated Mg-numbers and other characteristic geochemical attributes of TTGs may result from chemical modification of the partial melts as they migrate through, and segregate from, their partially molten host in the lower crust, rather than from interaction with the mantle. We build on a numerical model developed by Jackson et al. ( , 2005 , which describes the coupled physical and chemical processes through which significant volumes of evolved magma may be produced by partial melting in the lower crust. The results of the model suggest that evolved magma compositions are generated as melt flows along grain boundaries during segregation, because the melt thermodynamically re-equilibrates with its cooler matrix as it migrates upwards along a steep thermal gradient within a partially molten source region in the lower crust. The melt accumulates at or close to the top of the source region to form the evolved magma, which then leaves the source.
The model allows us to quantifiably assess the genesis of continental crust in an island arc setting by predicting the pressure, temperature and bulk composition within the source region during melting and melt segregation, while accounting for melt fractions and compositions that change in both time and space. These complexities are not addressed in most geochemical models of TTG genesis, which typically assume simple batch melting. However, melt compositions within the model must be predicted using either an appropriate phase diagram or the results of melting experiments. Earlier work by Rushmer & Jackson (2009) explored how melting experiments may be designed to capture the change in bulk composition that results from melt segregation. These experiments, termed melt segregation equilibrium (MSE) experiments, mimic the chemical changes that occur during melt segregation and may be used to predict changes in melt composition as it thermodynamically equilibrates with the cooler matrix during upwards migration. Here, we apply the experimental approach of Rushmer & Jackson (2009) to investigate whether chemical diversity, particularly high Mg-numbers, can be generated during partial melting and melt segregation from a mafic protolith in the lower crust to yield TTG magmas with varying chemical signatures without invoking mantle wedge participation. Jackson et al. ( , 2005 and Rushmer & Jackson (2009) have provided a detailed description of the modeling approach and so only a brief overview will be presented here. presented a quantitative model of melt generation during partial melting in the lower crust, which coupled buoyancy-driven melt segregation and associated compaction of the solid matrix, with chemical reaction between melt and matrix during segregation. They assumed that crustal melting was induced by the intrusion of hot, mantle-derived magma and solved the conservation equations governing heat and mass transfer in the overlying source rock and heat transfer in the underlying magma heat source. In their model, only heat is transported from the cooling magma into the melting source rock; in reality, mass transport may also occur as buoyant melt migrates upward from the magma into the source rock. Melt segregates by flowing along mineral grain edges, so melt and matrix remain in thermal and chemical equilibrium as each migrates along the steep thermal gradient in the source region . This causes the melt composition to evolve as it migrates upward (Fig. 1; .
OV E RV I E W O F T H E M O D E L I N G A P P ROAC H
For a given protolith and depth of melting, the spatial distribution of the melt and its local chemical composition depend upon the relative upward transport rates of heat and melt. Predictions of these from the model vary widely, depending upon the chosen values of the governing physical parameters such as the thermal conductivity of the partially molten protolith, the melt viscosity, matrix bulk and shear viscosity, and matrix grain size. For most reasonable values of these parameters, melt transport is faster than heat transport, so melt accumulates at or near the top of the source region (which is defined by the position of the solidus isotherm) to form a high-porosity zone. The porosity in this zone increases as melt accumulates, until the matrix disaggregates and a mobile magma forms. Predicted timescales for magma formation in a basaltic protolith range from 4000 years to 10 Myr, depending upon the values of the governing parameters. Melt compositions in the high-porosity zone near the top of the source region, where temperatures are lower, correspond to small-degree equilibrium partial melts of the source rock (f ¼ 5^15 vol. %), but have accumulated to form a highporosity region (f ¼50 vol. %; Fig. 1 ). The MSE experiments of Rushmer & Jackson (2009) were designed to reproduce this accumulation of a large volume of lowdegree equilibrium partial melt by mixing, in proportions appropriate for the high-porosity zone (e.g. 50:50; Fig. 1 ), melt that corresponds to a low (5^15 vol. %) degree of equilibrium partial melting with a restite depleted by the same amount.
In this study we investigate the impact of accumulating melt with a composition corresponding to 5%, 10% and 15% equilibrium partial melting, at modal proportions of solid to accumulated melt that vary from 50:50 to 75:25. This range of modal proportions represents cases where different volumes of melt accumulate prior to a mobile magma forming (Jackson et al., 2005) . Our coupled experimental and numerical model describes a method of TTG production through melting a mafic protolith, by determining the chemical evolution of TTG melts as they rise through the source region and accumulate to form a mobile magma.
E X P E R I M E N TA L ST U D Y Starting materials
The samples for this study were originally collected for direct partial melting (fluid-absent) experiments on amphibolitic dike material to test the feasibility of a continental crust underplate partial melting model to produce the TTG suites [with depletions in heavy rare earth elements (HREE) and high Sr contents] found in Fiordland, New Zealand (Muir et al., 1995) . The samples were obtained from one of several mafic 108^154 Ma dikes within a belt of high-grade rocks called the Selwyn Creek gneiss, which is part of the western margin of the Darran Complex. It is thought that the major batholith of the Darran Complex was generated within a primitive island arc or arc^continent setting (Hollis et al., 2003) , which is the type of tectonic setting generally considered to have produced TTGs. The batholith is composed of mostly unmetamorphosed gabbroic, dioritic and granitic rocks emplaced into the upper crust at 168^137 Ma during subduction beneath Gondwana (Kimbrough et al., 1993 (Kimbrough et al., , 1994 Muir et al., 1998; Nathan et al., 2000) . Klepeis et al. (2004) have suggested that the Selwyn Creek gneiss represents the deformed western margin of the Darran Complex; in other words, the deformed arc. Marcotte et al. (2005) have proposed that underthrusting of the Darran Complex beneath the Gondwana margin was accompanied by the migration of the source of magmatism continentward as the outboard terrain converged with the continental margin and that this might be a possible source for the Separation Point magmatism.
The Separation Point Batholith (SPB) is associated with the Western Fiordland Orthogneiss and crops out primarily in the Westland region of the South Island of New Zealand. This batholith has a TTG mineralogical composition, a Sr/Y signature of 440 and no Eu anomaly, which is similar to Archean TTGs (Tulloch & Kimbrough, 2003) . The isotopic composition of the SPB is very different from that of mid-ocean ridge basalts (MORB) which suggests that its protolith was probably not a young, subducted oceanic slab (Muir et al., 1995) . The Western Fiordland Orthogneiss (WFO), which is composed of metamorphosed metadiorites and metagabbros, is regarded as the lower crustal equivalent of the SPB because they are compositionally and isotopically similar (Muir et al., 1995; Daczko et al., 2001) . Together the SPB and the WFO form the Separation Point Suite (Tulloch & Kimbrough, 2003) . Previous studies by Tulloch & Rabone (1993) have suggested that the Separation Point Suite formed from partially melting a slab of subducting oceanic crust; however, in more recent studies Tulloch & Kimbrough (2003) have proposed that the tectonic setting for this suite involved an underthrusting event and subsequent melting of the base of the continental crust.
The Darran Complex (143^136 Ma) is older than the WFO (126^119 Ma); the metabasaltic dikes sampled in this study are compositionally similar to the mafic material found in the WFO. The similarity to New Zealand TTGs makes this research potentially applicable to the naturally occurring magmatic units, which is why we compare the experimental results with the samples from the Separation Point Suite. Price (2005) conducted DPM experiments on samples from the Selwyn Creek basaltic dike. The starting bulk composition is a slightly alkalic natural metabasalt and is given the sample name SC5. The SC5 starting modal composition is 45% hornblende, 25% plagioclase, 10% biotite, 10% epidote, 5% chlorite, 2% clinopyroxene, and minor rutile, titanite, and magnetite. The bulk composition of SC5 is given in Table 1 . The DPM experimental temperature range on SC5 was 800^12008C and experiments were conducted at 1Á4 GPa, which is the same pressure as for the MSE experiments described below.
E X P E R I M E N TA L M E T H O D S Direct partial melting (DPM) experiments
The solidus of the SC5 composition was determined to be in the range of 825^8508C. The lowest temperature At time zero, the intrusion of magma causes partial melting of the overlying rock. This zone of partial melting is the source region; its top is defined by the position of the solidus isotherm and its base by the contact with the underlying magma. As heat is transferred into the source region by conduction from the underplate, the position of the solidus isotherm migrates upwards away from the heat source. The melt generated is compositionally and thermally buoyant, and thus migrates upwards along grain boundaries towards the top of the source region. The partially molten source rock compacts in response. In addition, as the melt migrates upwards along grain boundaries, it thermodynamically equilibrates with compacting matrix migrating downwards. This has two important consequences: the melt cannot migrate beyond the position of the solidus isotherm, which acts like a 'lid' on the top of the source region, and the composition of the melt continually evolves as it migrates upwards. Because it is equilibrating with cooler matrix, its composition evolves to approximately correspond to a smaller degree of equilibrium melting of the source rock and can appear compositionally as a low degree of direct partial melt. melt compositions are granitic as a result of the melting of the minor biotite present (Table 1 , SC5-6). With increasing temperature, clinozoisite is consumed, and hornblende þ plagioclase begin to break down. This contributes to an increase in melt volume with a corresponding reduction in SiO 2 and K 2 O in the melt (Table 1 , SC5-7, SC5-8; Price, 2005) . At temperatures above 10758C the melt resembles the composition of the starting material (basaltt rachybasalt) as nearly all of the constituents are consumed by the melt. Table 1 gives the normalized melt compositions produced at 8508C, 9258C, and 9758C representing 5, 10, and 15% by volume melt, respectively. The DPM experiments grew garnets, which are not present in the starting SC5 material, and they produced a range of melt compositions between granite and tonalite. No trondhjemitic compositions were generated (Fig. 2) . The growth of new garnets was associated with the breakdown of hornblende and plagioclase starting at 9258C. Garnet was stable between 1000 and 10508C and then reacted completely by 10758C. Hornblende disappeared between 1050 and 10758C, whereas clinopyroxene became the most dominant phase along with melt (glass) (Price, 2005) . Figure 2a 
Melt segregation equilibrium (MSE) experiments
In the MSE experiments, we synthetically produced a new bulk starting material that mimics the accumulation of (Price, 2005) . The dark gray (less reflective) regions are glass formed during rapid quenching. The total melt produced in this experiment is 15%. This is one of the melt compositions used for the set of melt segregation equilibration experiments. 
SC5 is metamorphosed basaltic dike sample collected at Selwyn Creek, Fiordland, New Zealand. SC5-6, 7 and 8 are synthetic glasses. SC5-6: partial melt at 8508C and 1Á 4GPa representing 5 vol. % melt from bulk SC-5. SC5-7: partial melt at 9258C and 1Á4 GPa representing 10 vol. % melt from bulk SC-5. SC5-8: partial melt at 9758C and 1Á4 GPa representing 15 vol. % melt from bulk SC-5 (Price, 2005) .
low degrees of partial melt migrating into a bulk matrix composition. We then used the results equilibrated under the same conditions as for the DPM experiments to compare the differences between the two types of experiment. The DPM results obtained from the 925^10008C experiments on SC5 fall within the range of temperatures expected during partial melting of amphibolite under lowermost crustal conditions; therefore, we limited the MSE experiments to these temperatures and to coincide as closely as possible to the temperatures in the DPM experiments that generated low-degree partial melts. We used the 5, 10, and 15% partial melt compositions obtained from DPM experiments to represent the composition of the melt that accumulates at the top of the source region. The different melt fractions represent cases where the location and hence temperature at which the melt accumulates vary depending upon the relative rate at which heat and melt migrate upwards during melting and melt segregation.
We used these compositions to make synthetic glasses, which were added to the SC5 bulk material in modal proportions ranging from 50:50 to 75:25 (solid to glass). The different modal proportions represent cases where different volumes of melt accumulate prior to a mobile magma forming. The percentage is determined by the melt volume in the high-porosity zone where low-degree partial melt has accumulated. For example, to reproduce the numerical results that show an f ¼ 15 vol. % melt has accumulated to occupy f ¼ 50 vol. %, we added 50 vol. % synthetic glass (melt) to the charge (Rushmer & Jackson, 2009 ). This approach ignores the minor change in volume when the glass melts during the experiment and captures the change in bulk composition associated with the accumulation of melt in a high-porosity zone. We also added between 2Á5 and 4Á6% H 2 O to the capsules because the low-degree partial melts are naturally hydrous and our synthetic glasses composed of oxide mixes were initially anhydrous.
We then melted the mixed charge and determined the new phase modes, solid phases and partial melt compositions. It should be noted that the introduction of a large volume of low-degree partial melt into a melting zone is not an assimilation or hybridization process, so our experimental approach is different from those in which original contrasting rock types are used. It should be noted also that we neglected the depletion of the restite by the low degree of equilibrium partial melting appropriate for the location at which the melt accumulates; we assume the restite at this location has the same composition as the undepleted protolith. We have not yet experimentally changed the restite composition to test the model fully.
The synthetic glasses used in the starting materials were made by mixing reagent-grade oxides and carbonates together to create the melt compositions produced in the SC5 DPM experiments. The powders were melted three times for 2 h at 15508C with intermediate crushing. SC5-6 is the synthetic glass that is chemically similar to the partial melt compositions obtained by melting SC5 at 8508C (which produced 5% melt fraction in the DPM experiment), SC5-7 is the synthetic glass corresponding to the partial melt at 9258C (10% melt fraction in the DPM experiment) and SC5-8 represents the 9758C melt (15% melt fraction in the DPM experiment).
The mixed starting materials were made by combining different weight percentages of starting bulk (SC5) material and the synthetic glasses. We weighed the sample amounts (making a total of 0Á2 g sample powder), crushed them for at least 30 min to create a homogeneous mix and loaded them into a cut, cleaned, and welded 10 mm AuP d capsules with de-ionized H 2 O, because low-degree partial melts are naturally hydrous (Clemens, 2006) and our synthetic glasses are initially anhydrous. We then welded the capsule closed and stored it in a 1208C drying oven for 20 min before re-weighing it to determine if there was weight loss, which would indicate that there was a hole in the capsule through which water had escaped.
Experimental results are given for three varying modal percentages: 50% SC5 to 50% glass; 60% SC5 to 40% glass; and 75% SC5 to 25% glass. The experimental modal percentages were determined, as described above, by the model results of the volume in the high-porosity zone where low-degree partial melt accumulated. Experiments were performed in a 19 mm (3/4 inch) pistoncylinder with NaCl^Pyrex assemblies (Baker, 2004) . The runs were labeled JP1^JP14, and they were all conducted at 1Á4 GPa, to be consistent with the DPM experimental study. This pressure corresponds to a depth of $40 km in the continental crust. The thermal gradient within the sample was 558C. Run times for the 10008C experiments were 5^7 days; experiments at temperatures lower than 10008C were run for 7^10 days ( Table 2) . The experiments were isobarically quenched for between 3 and 7 s.
Ideally, reversals of experiments are the best way to determine equilibrium, but the nucleation and growth kinetics of new solid phases can also create experimental artifacts. We used the homogeneity of melt composition, which was determined by comparing the glass composition throughout the capsule, as an indication of equilibrium, in addition to the textures of newly formed crystals such as clinopyroxene and garnet (e.g Figs 3 and 4).
We compared the results obtained from the MSE experiments, such as solid phase modes and resulting partial melt compositions, with those obtained from the corresponding DPM experiments and with natural TTG compositions from New Zealand and elsewhere. Specifically, we examined the melt and mineral compositions as well as the modal mineral proportions and volume of melt produced to assess the impact of melt migration (Table 3 ). 
SC5-8 is the 15 vol. % glass composition, SC5-7 is the 10 vol. % glass composition, and SC5-6 is the 5 vol. % composition. gl, glass; pl, plagioclase; hbd, hornblende; cpx, clinopyroxene; opx, orthopyroxene; gt, garnet; il, ilmenite. Almost all samples have a minor amount of accessory phase (apatite) present. Water added (wt %):
Percentages were calculated from BSE images. Ã Modal proportion.
A NA LY T I C A L M E T H O D S
We obtained electron microprobe analyses (Table 4 ) and BSE images on the experimental phases. Glass analyses were performed with an acceleration voltage of 15 kV, beam current of 10 nA, and with a beam size of 10 mm. Our standard used for Na, Ca, Fe, Al, Mg, and Ti was the Makaopuhi basaltic glass (BMAK Smithsonian 113498); for Si the standard was NBS610, and for K, pantellerite obsidian (KN9). For P and Mn we used the standard mineral phases apatite and spessartine. Our solid phases were analyzed with an acceleration voltage of 15 kV, beam current of 20 nA, and a beam size that varied between 2 and 5 mm, depending on mineral size. End-member mineral phases were used as standards.
We analyzed BSE images with ImageJ Õ software on 200Â magnification images for all 14 experiments to determine the type and abundance of phases present (Rasband, 2007;  Tables 2 and 3, Figs 3^7 ). The desired mineral phase was outlined, and the area percentage of that phase was calculated. There are a few sources of potential error in the BSE image analysis. Though not listed in Table 3 , all samples contain some minor accessory phases (additional oxides, apatite). It is possible that either such phases were not present in the image analysed or the grains were so small (1 mm or less) that they were not identified during the image processing.
It is likely that the melt percentages calculated from the BSE images are less than the actual values. Within-grain melt inclusions (particularly small inclusions) are difficult to separate from the rest of the solid grain. Additionally, ambiguity about the outline tool's exact location and the grouping of minerals that share close boundaries may have resulted in underestimation of the melt proportion. However, even added together, these errors would account for minimal total error (not more than 1^2% melt abundance error, from mass balance). ; 50% bulk SC5 and 50% SC5-8 glass (with a 15% melt fraction composition); the experiment was performed at 1Á4 GPa and 9258C with 2Á6% water added. JP5 contains 59% glass, 19% plagioclase, 4% quartz, 6% garnet, and 2% ilmenite (Table 3) . This is the only sample containing quartz. The glass composition is granitic and the Mg-numbers range from 41 to 46. 200 Â magnification. (b) JP5 BSE image at 1500Â magnification. JP10 is 50% bulk SC5 and 50% SC5-8 glass (with a 15% melt composition); the experiment was performed at 1Á4 GPa and 9508C with 2Á8% water added. This sample is 70% glass, 13% plagioclase, 9% garnet, 1% hornblende, 4% cpx, 2% accessory mineral phase, and 1% ilmenite (Table 3) The melt percentage calculated for JP2 obtained using the ImageJ Õ software was compared with the percentage calculated directly from BSE image analysis based on the low glass reflectivity. We determined that there is 75% melt, whereas the BSE image analysis gave 82% melt. The reason for this discrepancy is that using electron microprobe analysis does not correct for cracks and holes in the sample, which show up as black areas (lowest reflectivity). These areas are accounted for in our analyses by extrapolating the grain boundaries and melt regions through the crack to where the mineral or glass would have been but not including the crack itself.
JP7 and JP10, though run under the same experimental conditions, give different experimental results (Table 3) . Although reversals might help to determine representative results under a given set of conditions, nucleation of solid phases can also be a problem. We know that it is likely that one of these two experiments is less representative, so we have used the results and trends of the other experiments to assess JP7 and JP10. We have determined, by comparing results, that the run JP7 is probably more out of equilibrium because of its high hornblende content, low garnet abundance, low potassium content, and because it possesses less SiO 2 than would be expected for a run at this temperature range. In these circumstances, Winther (1996) discarded a sample if its results 'disagreed strongly' with other sample results at the same conditions, noting that the sample was usually different in a number of compositional parameters. He attributed the variations to issues with either the analytical work or to the experiment itself. We used JP10 in our data comparisons because of a possible error with JP7.
R E S U LT S
The run conditions and phases present for all of the experiments are listed in Table 2 . Phase abundances are shown JP1 is 50% bulk SC5 and 50% SC5-8 glass (with a 15% melt composition); the experiment was performed at 10008C with 3Á3% water added. This sample is 68% glass, 24% plagioclase feldspar, 4% clinopyroxene (cpx), 3% orthopyroxene (opx) and 2% ilmenite ( Table 3) . The glass composition is granodiorite and the Mg-numbers range from 52 to 54. (b) Same experiment at 1400Â magnification. JP13 is composed of 75% bulk SC5 and 25% SC5-8 glass (with a 15% melt composition); the experiment was performed at 1Á4 GPa and 9508C with 3Á3% water added. This sample is 53% glass, 23% plagioclase, 21% hornblende, 1% cpx, and 2% ilmenite. The glass is trondhjemitic in composition and the Mg-numbers range from 33 to 36. (b) Same experiment at 1400Â magnification in Table 3 and Figure 8 compares BSE images of the DPM experiment on SC5 performed at 9758C with the BSE image of the MSE experiment also performed at 9758C with a 50:50 modal mix with the 15% composition (JP3).
Modes
Melt and solid phase modal analysis is vital because it determines the phase assemblages that are in equilibrium and how phase equilibrium changes with changing temperature and bulk composition. The changes in phase equilibria will have important consequences for geochemical indicators such as Mg-number and REE distributions. We note the modal amounts of glass and compare them with model predictions. Table 3 and Fig. 9 , which shows predicted vs observed melt volume, indicate how the volume of melt generated by adding the low-degree partial melts is either equal to or greater than the melt volume predicted, except for JP5 JP14 is composed of 60% bulk SC5 and 40% SC5-8 glass (with a 15% melt composition); the experiment was performed at 1Á4 GPa and 9508C with 3Á9% water added. JP14 is composed of 62% glass, 18% plagioclase, 18% hornblende, and 1Á5% ilmenite ( Table 3 ). The glass is granodioritic, but plots close to tonalite and trondjhemite. Mg-numbers range form 38 to 43. (b) Same experiment at 1400 Â magnification Fig. 8 . Comparison between direct partial melting of SC5 at 1Á4 GPa and 9758C (Price, 2005) and the MSE experiments. (a) SC5-8 is composed of hornblende (40%), plagioclase (40%), melt (glass) 15% and garnet 5%. (b) JP3 at 1Á4 GPa and at 9758C with 15% melt composition added at 50:50 modal proportions with 2Á5 wt % water added. The synthetic (anhydrous) glass composition corresponding to a 15% melt fraction is from this SC5-8 experiment. JP3 contains 64% glass, 17% plagioclase, 12% garnet, 6% cpx and 1% ilmenite; no hornblende is present (Table 3) . Glass composition in SC5-8 is granodioritic with an Mg-number of 26; the JP3 glass is granodioritic with an average Mg-number of 31. and JP6, which were run at the lowest temperature (9258C). For example, in the 50:50 mixes, because 50% of the weight of the sample in the capsule is melt composition to begin with, we would expect to have at least 50% melt plus the partial melt generated from the bulk composition itself. In the 50:50 experiments (JP1^JP10), there is up to 30% more melt produced (JP4) than what was originally added, and the average new melt generated is 17%. In the 60:40 experiments of JP11 (10% melt composition) and JP14 (15% melt composition) there is 24% and 22% (respectively) new melt generated. In the 75:25 experiments of JP12 (10% melt composition) and JP13 (15% melt composition) there is 56% and 28% (respectively) new melt generated. Some new melt generated (above the predicted amount) is expected because some runs were conducted at a higher temperature than the corresponding DPM experiments (e.g. at higher temperatures than 8258C for 5% melt composition). However, we do see a real increase in volume in those runs at the higher temperatures.
Hornblende stability is critical in both the MSE experiments and in the DPM experiments because of its control on garnet production, which in turn has a major influence on trace element behavior. Hornblende is not present in the MSE experiments performed at the higher temperatures (975^10008C) and is moderately (4 15%) abundant in the intermediate and lower temperature experiments (950^9258C). As Fig. 10 indicates, there is a gentle trend of decreasing hornblende with increasing temperature in the DPM experiments and, importantly, no clinopyroxene is formed until 10008C, when it is present in very minor amounts. When hornblende begins to destabilize (above 9508C for all compositions), there is a contrast between the DPM experiments, where hornblende remains in the mode in significant quantities, and the MSE experiments, where hornblende reacts out completely by 9758C. In the MSE experiments, the solid residue is composed of plagioclase, garnet and clinopyroxene at temperatures 49508C, in contrast to the DPM experiments where the solid residue is composed of plagioclase, hornblende and garnet. The dominant reaction in both experiments is the destabilization of hornblende, melting with plagioclase to form anhydrous solid phases (more calcic plagioclase and garnet AE clinopyroxene) and hydrous melt (glass) as shown in Fig. 10 . Plagioclase stability shows a dependence on temperature, melt volume and the stability of hornblende. Where hornblende is still present and there is stable garnet, there is also less plagioclase, suggesting that the general reaction is (as in the DPM experiments) hornblende þ plagioclase reacting to form garnet þ clinopyroxene. However, in the MSE experiments, when hornblende is consumed we begin to react out garnet and clinopyroxene and plagioclase increases in volume so that by 10008C the mode is mainly composed of glass and plagioclase. Neither hornblende nor garnet is present at 10008C (except for run JP2 with 5 vol. % composition that had 50Á5% garnet). At 9508C in the 75:25 and 60:40 modal mixes with the 15 vol. % composition added, garnet is not yet present and further experiments are needed at higher temperatures. Table 3 and Figs 10 and 11 summarize the modal abundances.
Temperature generally controls the crystallization of minor orthopyroxene. Orthopyroxene crystallized in the two highest temperature runs (10008C), but there was one 9508C sample (JP9) that also contained orthopyroxene (albeit very minor; 0Á02%). There was also one sample (JP5) with quartz ($4%). This experiment was performed at the lowest temperature (9258C) with the 5 vol. % composition added, both of which may have contributed to quartz stabilization.
Compositional trends
Average compositions of the solid phases and glass in all the MSE experiments with 50:50, 60:40, and 75:25 modal mixtures with the 15 vol. % melt composition are shown in Table 4 . For comparison, solid phases and glass analyses are shown for the SC5-8 DPM experiment performed at 9758C. Overall, the compositions of the solid phases and melt are similar, except for the relatively more calcic garnet in the DPM experiments along with higher An component in the melt phase. This is also shown in the Ab^An^Or diagram in Fig. 2 .
Total alkalis^silica (TAS) analysis of the resulting glass compositions provides the IUGS rock classification of that melt (Fig. 12) . The overall composition of most melt generated is granodioritic (dacitic) with the lowest melt fraction (5%) composition. When the 15% melt fraction composition was added experimental melts generally had less silica and were more alkaline, and the three 10% melt fraction composition experiments plot roughly between the 5% and 15% melt fraction compositions.
Changing the modal mix alters the amount of silica in the melt phase. In experiments JP13 and 14 in which glass corresponding to a 15% melt was mixed in 75:25 and Fig. 10 . Comparison of the phase proportions in the MSE experiments with glass added in 50:50 modal proportions with a composition corresponding to 15% melting (a) and with the DPM experiments (b; from Price, 2005) . Hornblende stability persists at higher temperatures in the DPM experiments (completely absent at 10758C) than in the MSE experiments (completely absent at 9758C). 60:40 proportions of bulk to glass respectively, the experiment with more added glass produced a melt with less silica. Both melts have fairly similar alkali contents. Comparable observations were made for JP11 and 12, in which glass corresponding to a 10% melt was mixed in 75:25 and 60:40 proportions (respectively); in this case there is a difference in alkali content: the experiment with more added glass yielded a higher alkali content (Fig. 12) .
Ab^An^Or ternary diagram analysis of the glass compositions confirms the granitoid classification of the melt phase (Fig. 13) . In contrast to the DPM experiments, which are more calcic overall (Fig. 2) , all three components of the TTG rock suite as well as granite are observed in the MSE experiments (Fig. 13) . Most of the melt produced is granodioritic, which is the most intermediate in composition of the TTG suite. Varying the modal proportions in which the melt is added has the following effects: the melt phase is generally more anorthitic (calcic) when the composition of the melt added represents a low degree of partial melting (5%), regardless of temperature. When the composition of the melt added represents higher degrees of partial melting (10^15%), the resulting melt phase becomes more albitic (sodic) in composition. When we consider the effect of temperature, we see that at the lowest temperature (9258C), the glasses are granitic. Higher temperatures produce more granodioritic melts, and further compositional variation is achieved through altering the modal proportions. When we consider a constant temperature, for example 9508C with 15 vol. % composition added, there is a trend from granodiorite to trondhjemite melt with a decrease in the mode of glass added to the bulk composition (from 50:50 mix to 75:25). This trend displays a progression from a more sodic, less calcic and potassic melt to one with greater calcium and Fig. 11 . (a) FeO (mol %) in the melt phase vs mode for hornblende and garnet in the MSE experiment using the 15% melt fraction composition added in a modal mix of 50:50 at 9258C, 9508C, 9758C and 10008C and 1Á4 GPa; the DPM experiments were also run at 9258C, 9508C and 9758C at 1Á4 GPa. Hornblende is more abundant in the DPM experiments (and produces more garnet) and the FeO in the coexisting melt phase is higher than in the MSE experiments by a factor of two. (b) MgO (mol %) in the melt phase vs mode for hornblende and garnet, for the same experiments as listed above. MgO in the melt phase coexisting with hornblende and garnet in the DPM experiments is less than or equal to that in the MSE experiments. It should be noted that for MSE experiments at 9758C and 10008C, the hornblende mode is zero and some data points overlap. potassium and less sodium as we increase the modal mixture to 50:50, but keep temperature constant.
Many researchers use Mg-number [100 Â Mg/ (Mg þ Fe) molecular] vs SiO 2 as a petrogenetic indicator. The MSE melts have variable Mg-numbers over a range of SiO 2 contents (Fig. 14) . The Mg-numbers exhibit variations from 29 to 54 as a function of temperature, melt composition, and melt volume per cent added. However, under the same P^T conditions, experiments with the highest melt fraction composition (15%) added generally have a higher Mg-number than those with the lowest melt fraction composition (5%) added. There appears to be no trend in Mg-number vs SiO 2 in the data obtained from experiments conducted at the same temperature; however, adding melts with compositions corresponding to different degrees of partial melting does have an effect. In the 50:50 Fig. 13 . Ab^An^Or diagram for all MSE, DPM, and natural (Separation Point) samples. Separation Point Batholith data (Â) are from Muir et al. (1995) and Tulloch & Kimbrough (2003) . DPM experiments are plotted as shaded triangles; they are overall higher in the An component and produce a range of compositions from granite to tonalite, but do not produce trondhjemite. MSE experiments (circles, diamonds, squares and lined triangles) plot towards the trondhjemite field. They are overall lower in the An component. GETSINGER et al.
PETROGENESIS OF TTG MAGMAS modal mix using the 10% melt fraction composition, the experimental glass has a higher Mg-number for a given SiO 2 content than either of the samples with the 5% or 15% melt fraction composition added. The highest Mgnumbers produced are observed in the modal mix of 60:40 with the 10% melt fraction composition. Overall, the MSE experiments produced TTGs with more variable and higher Mg-numbers than the DPM experiments. The Mg-numbers vary as different phase assemblages are developed within the experimental temperature range.
The increases in Mg-number in comparison with the DPM experiments are interpreted to be mainly due to changes in hornblende and garnet stability. Figure 11a and b shows FeO and MgO (in mol %) in the glass versus the mode of hornblende and garnet in both MSE and DPM experiments run at the same pressure and temperatures. The difference in hornblende and garnet mode modifies the Mg-number of the coexisting melt. In the DPM experiments, the decreasing mode of hornblende and increasing mode of garnet (overall related to increase in temperature) leads to increasing FeO and MgO content in the melt. However, when hornblende is still a major phase, FeO remains high in the melt whereas MgO does not, thus resulting in the lower Mg-numbers. There are similar trends in the MSE experiments, but as hornblende is destabilized at lower temperatures, the MgO in the melt phase increases whereas FeO does not. This results in higher Mg-numbers in the melt phase. As noted in many studies, water content (which does have some variability in the MSE experiments) clearly has an important control on hornblende stability, but it appears to have no additional direct effect on Mg-number.
In terms of melt volumes, the experiments with low modal proportion of the 5% melt fraction composition added yielded more melt than the higher melt fraction compositions (e.g. 15%). This is probably because the 5% melt fraction is granitic in composition and completely remelts at lower temperatures, increasing the resulting melt volume and possibly adding to phase destabilization. The higher volume of melt in the MSE experiments compared with the DPM experiments is most probably due to the large changes in solid phase stability, particularly the destabilization of hornblende in response to the changing bulk composition. The MSE experiments produced an abundance of melt while reducing the stabilities of hornblende, clinopyroxene, garnet and occasionally orthopyroxene.
Changing the modal abundance of melt to SC5 starting material from 50:50 to 75:25 produced trondhjemites at these experimental conditions. The 75:25 modal amount Rapp et al. (1991) and Price (2005) . Also included are the natural TTG samples of and . DPM data from Rapp et al. (1991) plotted are for experiments closest to our experimental conditions; 1Á6 GPa and between 1000 and 10258C. It should be noted that the DPM data from both Rapp et al. (1991) and Price (2005) are overall lower in Mg-number than the natural samples from and . MSE data plot at higher Mg-numbers for a given SiO 2 content as a result of the changing stability of hornblende and garnet.
of SC5 to melt may be the most realistic ratio for lower crustal melting processes if we consider melt migration active at 25 vol. % or less, although it is possible that in some underplating scenarios the 50:50 ratio may be reasonable.
D I S C U S S I O N Comparison with direct partial melting (DPM) experiments on metabasalts and natural rock compositions
The MSE experiments produced more potassic and sodic melt compositions than the DPM experiments on the same starting material (Price, 2005; Rushmer & Jackson, 2009) . Although this was expected because of adding the compositions of low-degree partial melts of granitic composition, it is important to note that the DPM experiments conducted on the same starting material could not generate melt compositions that include trondhjemite by batch melting alone. More unexpected was the increase of Mgnumber, which is higher in the melts generated in the MSE experiments. The DPM experiments showed destabilization of hornblende only at 9758C, whereas in the MSE runs hornblende stability was significantly reduced at 9508C, changing the ratio of FeO and MgO in the melt phase. This indicates that an evolved melt migrating through the lower crust could modify normally robust petrogenetic indicators such as Mg-number. Figure 14 shows Mg-number vs SiO 2 for the MSE 50:50 modal mix experiments, Price's (2005) DPM experiments, and Rapp et al. 's (1991) experimental DPM data (using four different metabasaltic compositions). For natural comparisons, adakite and TTG data and natural TTG data from the early Archean, later Archean, Proterozoic, and Phanerozoic are also included. and data from natural TTGs have the highest SiO 2 but the Mg-numbers plot in the middle of the range of Mg-numbers obtained in our MSE experiments, with good agreement between the natural data and our MSE experimental data for SiO 2 contents in the range 64^68%. The MSE experiments have a higher degree of Mg-number variability than those reported previously for experiments that were conducted under similar pressure and temperature conditions (Rapp et al., 1991; Rapp & Watson, 1995; Winther, 1996) . The Mg-numbers obtained from the DPM experiments on metabasalts are lower than those observed in natural samples, which has been discussed in several studies on adakites (e.g. Winther, 1996) . They are also lower than those obtained from our MSE experiments. Martin & Moyen (2002) reported that batch melting experiments on metabasalts produced melts with less MgO, Ni and Cr than natural adakites and some TTGs, which was consistent with the experimental data then available from partial melting experiments using metabasaltic samples (Rapp & Watson, 1991; Rushmer, 1991; Petford & Atherton, 1996) . Petford & Atherton (1996) obtained results with batch melting experiments designed to simulate an underplate as applied to the Peruvian Cordillera Blanca Batholith. Their experimental melts were appropriately depleted in HREE owing to garnet, but did not generate elevated Mg-numbers. Muir et al. (1998) also found that batch melting experiments on metabasalts produced melts with the general chemical signatures of natural rocks from the Western Fiordland Orthogneiss and the Separation Point Suite, but not the variable Mg-numbers. However, the classification of these suites, particularly the Western Fiordland Orthogneiss, is somewhat ambiguous with a transition between TTG and adakite signatures, suggesting that batch melting alone was not the formation mechanism, but possibly a process involving modification of the geochemical signatures by the segregation process, such as that experimentally tested here. Tulloch & Kimbrough (2003) have proposed that the Separation Point Batholith was produced by partial melting of mafic, underthrust lower crust in the presence of garnet. Melting under these conditions would produce the observed high-Sr, low-Y signature (HiSY) in the Separation Point magmas and leave plagioclase poor to absent and garnet-bearing residua. Figure 15 shows Mg-number vs SiO 2 for the range of magmatic bodies in the Separation Point Suite and data are shown for the Separation Point Batholith (Muir et al., 1995 (Muir et al., , 1998 Tulloch & Kimbrough, 2003) , the HiSY Darrans intrusion (Wandres et al., 1998) and for several associated granitoids analyzed by Muir et al. (1998) (Titora Granite, North Fiord Granite, Takahe Granodiorite). The observations from these data are that the Mg-numbers show a range of values and suggest that modification of the segregating magmas might have contributed to their final geochemical signature. The trend of the lower SiO 2 compositions with high Mg-numbers to high silica compositions with low Mg-numbers suggests that fractional crystallization processes played a part in the compositional evolution of the body. However, several of the SPB data plot with higher Mg-numbers at high silica values, as do the Darrans data and the associated granitoids of the Separation Point Suite. In addition, Fig. 13 
Continental crust origin models
Archean granites and TTGs exhibit a range in melt compositions that can be explained by partially melting a mafic source (basalt) or its metamorphic counterpart (amphibolite or eclogite) (Rapp et al., 1991; Winther, 1996) . There are several models for generating TTG magmas, which can be grouped into two categories: those that involve slab melting and subsequent magma interaction with the mantle wedge, and those that generate magma within the lower crust (Drummond & Defant, 1990; Rudnick, 1995; Atherton & Petford, 1993; Martin & Moyen, 2002; Foley et al., 2003; .
In our new experiments we have demonstrated that melt segregation processes during partial melting may change the Mg-numbers in a tectonic setting that involves only the lower crust. Furthermore, the data compare well with the natural Separation Point Suite in terms of Mgnumbers and Ab^An^Or compositions. Having generated Mg-number variance in experiments that reproduce the effect of melt migration within a basaltic protolith, and produced melt compositions similar to those found in nature, we postulate that slab melting and associated interaction with the mantle wedge is not necessary to produce TTG-like magma compositions with high Mg-numbers. Rather, some Mg-number variations observed in TTGs could be a result of melt segregation and subsequent chemical equilibration processes during magma generation in the lowermost arc crust. Changes in melt fraction and associated Mg-number could signify mantle overturn events, large-scale plume activity, or delamination preceding an augmentation of restite from TTG melt production, all of which would change the thermal regime and increase the thermal gradient in the lowermost crust.
Refinements to the coupled experimental and modeling approach
The abundance of melts with high potassium and sodium contents produced in the MSE experiments supports the predictions of numerical modeling that the melt that accumulates in a high-porosity zone in the lowermost arc crust (up to 50 vol. %) can have a composition that appears to correspond to only a small degree of partial melting. However, the model only accounts for melt that is formed during partial melting following the intrusion of hot magma. During underplating, melt can be generated from two sources: the basalt sills themselves as they crystallize to produce residual H 2 O-rich intermediate composition melts, and from partial melting of pre-existing crustal rocks (Annen et al., 2006) . Moreover, the repeated intrusion of multiple sills can lead to a less steep or even inverted temperature gradient in the partially molten source region, which may have a profound impact on melt composition during segregation (Annen et al., 2006) . Further work is required to investigate how TTG magma petrogenesis may be affected by this.
The numerical model also omits external tectonic forces and fractures; it represents one end-member of a spectrum, at the other ends of which are models in which melt segregation is driven by deformation rather than buoyancy, and models in which melt segregation occurs via connected fracture networks rather than along grain edges. If melt segregation occurs through these other mechanisms, 
SiO 2 (wt%)
Separation Point Batholith (Muir et al., 1998; Tulloch & Kimbrough 2003; Muir et al., 1995) HiSY Darrans (Wandres et al., 1998) Titora Granite, North Fiord Granite, Takahe Granodiorite (Separation Point Suite ; Muir et. al., 1998) Fig. 15 . Mg-number vs SiO 2 for granitoid bodies from the Separation Point Suite, New Zealand. The general trend suggests that fractional crystallization probably plays a role in decreasing Mg-number as a function of increasing SiO 2 ; the varying Mg-numbers in the higher SiO 2 range indicate that some modification of the geochemistry of the bodies may be due to re-equilibration during segregation migration as observed in the MSE experiments.
then the effect of segregation on melt composition may be different. For example, if melt flow is primarily in fractures, which efficiently drain the melt before it has interacted with the matrix, then the segregated melt compositions may approach the limit of fractional melting. Batches of melt from different depths may mix, yielding something akin to a fractional 'polythermal' melt, which is analogous to polybaric melts of the mantle below midocean ridges (Kinzler & Grove, 1992; Kinzler, 1997; Kushiro, 2001) . Further work is required to investigate how these segregation processes may affect melt composition. Finally, in this study, a significant simplification has been made to the experimental method. The original (undepleted) bulk starting composition is mixed with the synthetic glass in the MSE experiments, rather than using the depleted solid phase obtained from the associated DPM experiments. This means that our experiments do not exactly match the numerical predictions, but they do allow the beginning of investigations into how segregating and accumulating a large volume fraction of low-degree partial melt in the source region affects phase proportions, solid phase mineralogy and partial melt composition. Future work should include experiments in which glass is mixed with the depleted solid phase.
C O N C L U S I O N S
Melt segregation equilibrium experiments, combined with numerical modeling, provide a new way to assess the petrogenesis of TTG magmas. These studies are designed to simulate melt segregation and associated chemical equilibration processes in the lowermost crust. They have shown that important variations in the chemistry of the melt phase can occur as a result of melt segregation, which changes the chemical equilibrium, primarily as a result of changing the mode of the melt in the source via melt migration, thus changing the local bulk composition. The MSE experiments capture this change in bulk composition, which is neglected in conventional batch DPM experiments.
The data from these MSE experiments demonstrate that it is possible to create variations in granitic melt compositions by partial melting of a mafic protolith and the subsequent migration of that melt. The varying Mg-numbers observed within a narrow range of SiO 2 in natural samples, such as those from the Separation Point Suite in New Zealand, could be explained by chemical effects associated with melt segregation. Moreover, the elevated Mgnumbers observed in TTGs and adakites may result from melt segregation, suggesting that a lower crustal origin for these magmas is possible, which does not require interaction with the mantle wedge above a subducting slab source. Although the application of a uniformitarian slab subduction setting to explain the petrogenesis of both TTGs and adakites is tempting, it is unlikely that a single tectonic regime is responsible for generating these different rock suites. Furthermore, if melt segregation processes do modify geochemical indicators such as Mg-number, then this calls into question the use of batch melting experiments and models to interpret data obtained from natural samples.
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